Rationally designed matrices for nerve tissue engineering and encapsulated cell therapies critically rely on a comprehensive understanding of neural response to biochemical as well as biophysical cues. Whereas biochemical cues are established mediators of neuronal behavior (e.g., outgrowth), physical cues such as substrate stiffness have only recently been recognized to influence cell behavior. In this work, we examine the response of PC12 neurites to substrate stiffness. We quantified and controlled fibronectin density on the substrates and measured multiple neurite behaviors (e.g., growth, branching, neurites per cell, per cent cells expressing neurites) in a large sample population. We found that PC12 neurons display a threshold response to substrate stiffness. On the softest substrates tested (shear modulus ∼10 Pa), neurites were relatively few, short in length and unbranched. On stiffer substrates (shear modulus ∼10 2 -10 4 Pa), neurites were longer and more branched and a greater percentage of cells expressed neurites; significant differences in these measures were not found on substrates with a shear modulus >10 2 Pa. Based on these data and comparisons with published neurobiology and neuroengineering reports of neurite mechanotransduction, we hypothesize that results from studies of neuronal response to compliant substrates are cell-type dependent and sensitive to ligand density, sample size and the range of stiffness investigated.
Introduction
The stiffness of a cell's environment impacts cell adhesion, proliferation, migration, differentiation and phenotype [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Seminal work in 1997 by Wang et al [3] first demonstrated that fibroblast spreading and migration are greater on stiffer compared to more compliant polyacrylamide hydrogels. In subsequent years, the spread area and motility of myoblasts, osteoblasts, vascular smooth muscle cells and endothelial cells have also been demonstrated to correlate with substrate stiffness [2, 5, [12] [13] [14] . As a consequence many researchers have proposed a correlation between matrix stiffness and cellular processes in injury [15] , disease [16] and cancer [17] .
Understanding the dependence of cell behavior on substrate mechanics is less clear, however, for much softer tissues, such as those of the nervous system. Though brain, spinal cord and peripheral nerves (shear modulus ∼10 2 -10 3 Pa [18] , corresponding to Young's moduli with similar orders of magnitude based on Poisson's ratio of ∼0.3-0.4 as found for soft gels) are generally much softer than connective tissue (Young's modulus ∼10 4 -10 5 Pa [2, 19] ), neurite outgrowth is considered to be a process related to the migration of motile cells such as fibroblasts [20, 21] and keratocytes [22, 23] . Two general relationships between neurite behavior and matrix stiffness have been proposed: (1) neurite outgrowth varies inversely with the stiffness of two-dimensional substrates [15, 24] and three-dimensional hydrogels [25, 26] , and (2) neurite outgrowth occurs at a maximal rate at an intermediate range of stiffness [27] in a manner analogous to the effects of adhesion on motility [23] . These relationships contrast with observations that the spreading and motility of malignant astrocytes increase as a threshold response to increasing substratum stiffness [10] .
Difficulties arise when formulating a general theory to account for a relationship between substrate stiffness and neurite outgrowth. Studies to date have generally focused either on very soft or very stiff extremes of hydrogel mechanical properties. In addition, adhesive ligand concentration, which influences neurite outgrowth independent of the substrate stiffness [27, 28] , has not been consistently controlled nor quantitatively measured. Furthermore, comparisons among different studies are complicated because types of reported neuronal behaviors (e.g., branching, neurites per cell, neurite outgrowth rate, per cent of cells expressing neurites) are reported inconsistently among studies published to date. Therefore, in order to design matrices for nerve tissue engineering and encapsulate transplanted neural progenitor cells, a systematic study of neural response to microenvironmental cues is required.
In this present work, we examine the response of neurites to a broad range of substrate stiffness, including both values corresponding to physiological nerve tissue and to hydrogels previously utilized in studies of cell response on compliant substrates. We control and quantify ligand density using a standard radiolabelling assay.
Lastly, we conduct a comprehensive analysis of multiple quantitative measures of neurite behavior (e.g., length, branching, neurites per cell, per cent cells expressing neurites) for a large and statistically significant sample population.
Materials and methods

Preparation of substrates
Polyacrylamide substrates of varying crosslink densities were prepared with fibronectin covalently bound throughout the gel bulk. For each 1 mL of prepolymer solution, (1) 75-350 µL of a 40% solution of acrylamide (BioRad, Hercules, CA), 20-350 µL of a 2% solution of bis-acrylamide (BioRad), 100 µL of 10× phosphate-buffered saline (PBS), 2 µL N,N,N ,Ntetramethylethylenediamine (TEMED; JT Baker, Phillipsburg NJ) and distilled water (sufficient in volume to bring total volume of the mixture to ∼700-800 µL) were mixed; (2) the pH adjusted to 7.4 ± 0.3, as verified with ColorpHast pH testing strips (EMD, Durham, NC); (3) 100-200 µL of a 1 mg mL −1 solution of human plasma fibronectin (Gibco, Carlsbad, CA) was added and mixed; (4) 1 µL of a freshly prepared aqueous solution of 10 mg mL −1 acrylic acid Nhydroxysuccinimide (Sigma-Aldrich) solution was added and mixed; and (5) 5 µL of a 100 mg mL −1 aqueous solution of ammonium persulfate (Sigma-Aldrich) added. Lastly, the total volume was adjusted to 1 mL with distilled water, and mixed well.
For cell culture experiments thin substrates of polyacrylamide were cast on glass coverslips (No. 1 thickness, 25 mm diameter, VWR Scientific, West Chester, PA) that had been activated with 3-aminopropyltrimethoxysilane (SigmaAldrich, St. Louis, MO) and glutaraldehyde (Polysciences, Warrington, PA) [29] . A 50 µL drop of the acrylamide solution was placed on each activated coverslip and covered with an unmodified 22 mm diameter glass coverslip (VWR International). The hydrogels were allowed to polymerize for about 1 h at room temperature and then the top coverslips were carefully peeled off of each hydrogel substrate. The substrates were transferred to six-well tissue culture plates (BD Falcon, San Jose, CA), and any unreacted acrylic acid Nhydroxysuccinimide was quenched by storing the substrates in 2 M glycine (Sigma-Aldrich) in PBS overnight at room temperature.
Characterization of substrate shear modulus
To characterize the shear modulus of the polyacrylamide substrates, prepolymer solution (without fibronectin and acrylic acid N-hydroxysuccinimide) was cast as 5 mL hydrogels in 6 cm tissue culture dishes (BD Falcon). The hydrogels were washed 2 × 5 min in distilled water, allowed to swell in distilled water overnight at room temperature, and then were cut to 4 cm diameter disks (Ateco cutters, Thomsen Corp., Glen Cove, NY). Shear moduli at 20
• C were determined with a TA Instruments (New Castle, DE) AR1000 rheometer using parallel-plate geometry, set to a constant strain of <2% and a stress sweep of 0.1-20 Pa for softer gels (<1000 Pa shear modulus) or 1-500 Pa for stiffer gels (>1000 Pa shear modulus). Shear modulus values were determined in a range where stress and strain were linearly related. To test the effect of fibronectin and acrylic acid Nhydroxysuccinimide incorporation on gel modulus, the softest and stiffest gels (i.e., 3/0.04 and 14/7 %acrylamide/%bis-acrylamide, respectively) were synthesized with conjugated fibronectin and their shear moduli were evaluated.
Analysis of substrate fibronectin content
The fibronectin content of each hydrogel composition was determined using I 125 -labeled fibronectin (4 mCi mg −1 , MP Biomedicals, Irvine, CA). Hydrogel substrates were prepared as for cell culture studies except that 1 part radiolabeled fibronectin was used per 2000 parts total fibronectin. After casting the gel, the substrates were washed three times in PBS. The radioactivity of each substrate was quantified with an Isoflex automatic gamma counter (ICN Micromedic Systems) and the fibronectin content was calculated.
Cell culture
PC12 cells, a rat adrenal pheochromocytoma cell line that is induced by neurite growth factor (NGF) into a neuronal phenotype, were purchased from ATCC (Manassas, VA). The cells were designated as received at passage 1 and used at passage 5-6. PC12 cells were maintained on 10 cm tissue culture-treated polystyrene plates (BD Falcon) coated with type I collagen (calf skin, USB Corporation, Cleveland, OH) and Ham's F12K medium with 2 mM L-glutamine and 1.5 g L −1 sodium bicarbonate (ATCC), which was supplemented with 15% horse serum (Invitrogen, Carlsbad, CA), 2.5% bovine calf serum (Hyclone, Logan, UT), 100 u/mL penicillin (Gibco) and 100 µg mL −1 streptomycin (Gibco). To subculture, the cells were removed in trypsin-EDTA (Gibco) and passed through a 22 g needle (BD, Franklin Lakes, NJ) several times to obtain individual cells. The medium was replaced every 2-3 d.
Analysis of neurite outgrowth on hydrogels
To prepare the substrates for neurite outgrowth studies, the substrates were washed briefly in sterile PBS (Gibco) and then transferred to sterile six-well tissue culture plates. The substrates were washed in sterile PBS for 10 min and then in the supplemented F12K medium for 45 min at room temperature on a rocker. The medium was removed and then the substrates were seeded with 3.85 × 10 4 cells per well in a fresh supplemented F12K medium. The cells were allowed to adhere for ∼6 h at 37
• C and then 50 ng mL −1 2.5S NGF (Invitrogen) was added to the medium in each well. After 2 d, the medium was carefully removed, and ∼2 mL of prewarmed 3% glutaraldehyde in PBS was added to cover each substrate. The six-well plates containing the substrates were placed on a rocker for 5 min at room temperature; the cells were then rinsed with PBS and stored in fresh PBS at 4
• C until analysis.
To analyze neurite outgrowth, the six-well plates containing the substrates were warmed to room temperature and imaged using an Axiovert S25 microscope (Carl Zeiss, Inc., Thornwood, NY) with a CCD camera (Sanyo, Chatsworth, CA) and Matrox Intellicam imaging software (Dorval, Quebec, Canada) or a Zeiss Axiovert S100 microscope equipped with a digital camera (Princeton Scientific Instruments, Monmouth NJ) and Metamorph imaging software (Universal Imaging, Downingtown, PA). Images were captured under phase-contrast microscopy at 5-16 random locations. Neurite length, branching, the number of neurites per cell and per cent cells expressing neurites were analyzed with ImageJ (http://rsb.info.nih.gov/ij/).
Several criteria were established for the neurite outgrowth analysis: only PC12 cells responsive to NGF, i.e., those cells expressing at least one neurite, were included in determining neurites per cell, total neurite length per cell and per cent cells expressing neurites. Only neurites >5 µm in length and that did not contact other cells or neurites were included in the analysis. A 5 µm bin size was used in the neurite length frequency analysis. Branching was calculated from counting the total number of occurrences per sample where one neurite split into two and dividing the branch count by the total neurite length in the sample.
Statistical analysis
We performed ANOVA tests (for normally distributed data) and Kolmogorov-Smirnov tests (for data that were not normally distributed) [30] to determine the statistical significance of the differences between results with a significance level of p < 0.05.
Results
Specification of the substrate shear modulus and ligand concentration
Rheological measurements verified that increasing concentrations of either acrylamide or bis-acrylamide yielded hydrogels with the increased shear modulus (figure 1). Hydrogels were targeted for shear moduli (G ) ranging from ∼10 1 to ∼10 4 Pa and varying by orders of magnitude. Hydrogels with 3% acrylamide and 0.04% bis (3/0.04) were the softest (G = 7 ± 3 Pa), followed by 8/0.04 (G = 185 ± 28 Pa) and 10/0.2 (G = 2420 ± 900 Pa). The stiffest hydrogels examined were 14/0.7 (G = 18 900 ± 2190 Pa). Differences between the shear moduli of all acrylamide/bis formulations are statistically significant. For comparison with other studies, Young's modulus can be calculated as 2G (1 + υ) [31] where υ is the Poisson's ratio, estimated to be around 0.35 for polyacrylamide [32] ; therefore, the calculated Young's moduli were ∼19, 526, 6530 and 51 000 Pa, respectively.
Because neurite outgrowth may depend on both substrate stiffness and the concentration of adhesive ligand, we adjusted the concentration of fibronectin ('input fn') added to each gel such that differences among substrate fibronectin content were not significant. Figure 2 demonstrates that although the 'input fn' is the concentration of fibronectin in the gelation solution. Average conjugation efficiency (input fn divided by the measured fibronectin density × 100%) was 18% for 7 Pa gels and 38 ± 3% for 190 Pa-19 kPa gels.
shear modulus was varied over three orders of magnitude, the bulk fibronectin density in the gels was maintained at 0.5 ± 0.08 µg cm −2 , based on a conjugation reaction efficiency (mass of reactant fibronectin divided by the measured fibronectin content × 100%) of 18% for 7 Pa gels and 38 ± 3% for 190 Pa-19 kPa gels. Fibronectin incorporation results in only a two-fold difference in gel modulus compared to gels without fibronectin and the effect is only significant for softer gels (p = 0.036 for 3/0.04 %acrylamide/%bis and p = 0.055 for 14/7).
Neurite outgrowth shows threshold behavior for dependence on substrate stiffness
To investigate how PC12 cells extend and branch neurites on substrates with a wide range of different stiffnesses, cells were plated onto the fibronectin-modified polyacrylamide substrates, cultured in the presence of NGF for 2 d, fixed, and imaged (figure 3). Sample sizes for neurite analysis are summarized in table 1. In general, eight or nine substrates of each stiffness were evaluated and at least five random fields of view were imaged for each substrate. A greater substrate area was analyzed for the stiffer substrates because neurites often extended off of the original field of view.
Images were analyzed for neurite length (figures 4(a), 5), neurites per cell ( figure 4(b) ), neurite length per cell ( figure 4(c) ), percentage of cells expressing neurites ( figure 4(d) ) and neurite branching ( figure 6 ). The neurite data were not normally or exponentially distributed (figure 5); hence, in figures 4 and 6, the neurite data are presented as box-and-whisker plots (depicting the median and percentiles) and Kolmogorov-Smirnov tests were implemented. An analysis of the entire population of neurite measurements reveals that median lengths were approximately 15-20 µm, but significant differences were found in the distribution of lengths ( figure 4(a) ; p < 0.002). Specifically, longer neurites were more frequently observed on the stiffest three substrates (190 Pa, 2 kPa and 19 kPa) ( figure 5 ). The number of neurites expressed per cell and the percentage of cells expressing neurites were significantly lower on the softest substrates (figures 4(b), (d)). In order to account for differences in cell attachment and neurite expression on gels of varying rigidity, the data were normalized to compute the neurite length per cell: the stiffest substrates were associated with significantly greater neurite growth per cell ( figure 4(c) ). Similarly, greatest neurite branching (expressed as branches per mm neurite) was associated with the stiffest substrates (figure 6; p < 0.01). 
Discussion
The relationship between neurite outgrowth and substrate stiffness is not well understood in part because studies to date have focused on either soft or stiff extremes of mechanical properties and the concentrations of adhesive ligand have not been consistently controlled. In this work, we found that PC12 neurons display a threshold response to substrates varying in shear modulus from ∼10 1 -10 4 Pa (figures 3-6). On hydrogels of the lowest shear modulus examined (7 Pa), the few neurites that extended were relatively short and unbranched. On hydrogels of shear modulus of 190 Pa and above, more neurites were initiated per cell, and in general, the neurites per cell were longer and more branched. For these stiffer materials (>190 Pa), a correlation was not found between the increased modulus and neurite length, branching, neurites per cell, or the percentage of cells expressing neurites. This response is similar to the observations of Thomas and DiMilla for malignant astrocytes [10] and may support a model proposed by Dennerll et al for the cytomechanics of axonal elongation and retraction [33] . Based on correlations between neurite growth and tension placed on pulled PC12 axons, the authors suggested that tension above some threshold leads to axonal growth, but below the threshold would not cause elongation or retraction. To test Dennerll's hypothesis in our system, we attempted to measure the force generated by PC12 neurons using traction force microscopy [34] . The neurons exerted very low traction forces that were below the resolving capability of this technique, but the sum of traction forces was less than a mdyne (data not shown), which is in general agreement with studies of axon pulling [33, 35] and traction force measurements of mouse superior cervical ganglion filopodia [23] .
It is interesting to note that the threshold response we found for PC12 cells on 2D polyacrylamide gels is different from that found in other published studies of neurite outgrowth on compliant substrates (table 2) . There are several possible explanations for this discrepancy. First, neural response to compliant substrates, including the presence and/or onset of thresholding behavior may vary with neural cell type. PC12 cells are a neuron-like cell line that can be induced by NGF to express neurites. Gunn et al [27] also investigated the behavior of PC12 neurites but examined a stiffer range of compliance (Young's modulus ∼10 4 -10 5 Pa) than for this present study (shear modulus 10 1 -10 4 Pa). Though commonly used, PC12 cells are limited in their ability to mimic fully the behavior of primary neurons, thus possibly explaining differences in behavior compared to that observed by Janmey, Bellamkonda and their collaborators for primary neural cells from the central nervous system and peripheral nervous system, respectively [15, 24, 25] . Further, studies have suggested that differences in the structure of neurofilaments (which provide much of the mechanical support to neuronal cells) may correlate with the traction force of neurites of different origin [23, 33, 36] . For example, Chada et al [37] demonstrated in studies of towed (pulled) neurite growth, central neurons initiate and elongate neurites at lower tensions than peripheral neurons.
These disparities between cell types could account for the differences in PC12 neurite outgrowth noted herein.
Second, ligand density impacts cell response on compliant substrates independent of the compliance of the substrate [12] . For example, Thomas has found that the spreading and motility of malignant astrocytes on 2D polyacrylamide varied with both the stiffness and concentration of bound collagen in the gel [10] . Unfortunately, ligand density typically has been qualitatively assessed by fluorescence [38] and rarely is quantified. When synthesizing compliant substrates, we found that the fibronectin density varied with the acrylamide and bis-acrylamide content. To address this variation, we controlled the concentration of fibronectin when synthesizing our hydrogel and identified reaction conditions for which the concentration of fibronectin in the bulk gel was invariant using a standard radiolabelling assay (figure 2). Data presented in figures 3-6 were obtained on substrates with 0.5 µg cm −2 fibronectin. We have also tested 0.2 µg cm −2 fibronectin and found the same general trends in neurite outgrowth, branching and neurites per cell (data not shown).
Statistical analysis can provide insight into possible underlying phenomena, including mechanisms, involved in cell behavior. For example, Parson and Ribchester [39] found histograms for neurite length of dissociated primary dorsal root ganglia that were non-Gaussian. These authors proposed a model based on a complex underlying Poisson process for neurite extension that could simulate their data, albeit with additional key features not observed experimentally. The presence of an underlying Poisson process regulating turning behavior for non-neuronal cells has been suggested by DiMilla et al [40] , and stochastic models for neurite extension based on Poisson processes have been found useful for understanding some features of neurites [41] . We found that data for PC12 neurite length, branching and neurites per cell were not normally distributed. Furthermore, data for the length of individual neurites were not exponentially distributed ( figure 5(b) ). For this reason, we tested a large sample population and applied the Kolmogorov-Smirnov (KS) statistical test [30] . The KS test makes no assumptions about the distribution of populations and is ideal for use with data that have clear non-normal distributions as we see here. By using this test, we are able to detect the significant differences in neurite outgrowth on materials of differing compliance without distortions of significance levels due to tests based on normal distribution assumptions. The growth of neurons has been proposed to be analogous to migration of motile cells such as fibroblasts [20, 21] and keratocytes [22, 23] . It is interesting to note, however, that on very soft substrates (e.g., <10
3 Pa), PC12 neurons are able to remain viable and extend neurites, whereas other cell types are only loosely adherent or unspread [2] [3] [4] [12] [13] [14] . Plausibly in part because neural tissues are much softer than dermal, orthopedic and cardiovascular tissues, neurons are able to grow on much softer substrates. Increasing stiffness beyond those found in neural tissues (i.e., modulus ∼10 2 -10 3 Pa), however, does not seem to impact the extent of PC12 neurite outgrowth, branching, neurites per cell or percentage of cells expressing neurites. The investigation of the mechanisms involved in neurite mechanotransduction from the types and associations of integrins down the signaling cascade, compared to mechanisms of fibroblasts, could significantly advance the understanding of the tuning of mechanotransductive elements in mammalian cells.
We conclude that in contrast to other published studies of neural response to substrate stiffness, PC12 cells extend neurites that are more numerous, longer and more branched on stiffer substrates (i.e., shear modulus ∼10 2 -10 4 Pa) compared to softer substrates. We hypothesize that trends in neural response to substrate compliance are a strong function of neuron type and range of compliance investigated. We further stress the importance of quantifying ligand density, analyzing large sample sets and applying appropriate statistical tests. As studies of cell response to compliant substrates are enabling exciting discoveries about cell migration [11, 14, 38, 42] , differentiation [2] and cancer [17] , we expect that continuing studies of neuronal response to compliant substrates will advance our understanding of nervous system disorders, diseases, injuries and treatments.
